Turner syndrome (TS) results from whole or partial monosomy X and is mediated by haploinsufficiency of genes that normally escape X-inactivation. Although a 45,X karyotype is observed in half of all TS cases, the most frequent variant TS karyotype includes the isodicentric X chromosome alone [46,X,idic(X)(p11)] or as a mosaic [46,X,idic(X)(p11)/45,X]. Given the mechanism of idic(X)(p11) rearrangement is poorly understood and breakpoint sequence information is unknown, this study sought to investigate the molecular mechanism of idic(X)(p11) formation by determining their precise breakpoint intervals. Karyotype analysis and fluorescence in situ hybridization mapping of eight idic(X)(p11) cell lines and three unbalanced Xp11.2 translocation lines identified the majority of breakpoints within a 5 Mb region, from ∼53 to 58 Mb, in Xp11.1-p11.22, clustering into four regions. To further refine the breakpoints, a high-resolution oligonucleotide microarray (average of ∼350 bp) was designed and array-based comparative genomic hybridization (aCGH) was performed on all 11 idic(X)(p11) and Xp11.2 translocation lines. aCGH analyses identified all breakpoint regions, including an idic(X)(p11) line with two potential breakpoints, one breakpoint shared between two idic(X)(p11) lines and two Xp translocations that shared breakpoints with idic(X)(p11) lines. Four of the breakpoint regions included large inverted repeats composed of repetitive gene clusters and segmental duplications, which corresponded to regions of copy-number variation. These data indicate that the rearrangement sites on Xp11.2 that lead to isodicentric chromosome formation and translocations are probably not random and suggest that the complex repetitive architecture of this region predisposes it to rearrangements, some of which are recurrent.
INTRODUCTION
Turner syndrome (TS) results from whole or partial monosomy of the X chromosome and is mediated by haploinsufficiency of genes that normally escape X-inactivation. The major clinical findings in TS patients include short stature, pre-pubertal ovarian failure leading to the absence of secondary sexual characteristics and infertility and also craniofacial abnormalities that include high arched palate, low posterior hairline and low set ears (1 -2) . In addition, TS patients display webbing of the neck due to resolution of fetal cystic hygroma, pre-and postnatal lymphedema of the hands and feet, coarctation of the aorta, specific skeletal anomalies and additional health complications, including diabetes, renal and urinary tract problems and hypothyroidism (1 -2) . The most common karyotype present in half of all TS patients is 45,X; however, several additional karyotypes are associated with TS, including 45,X/46,XX mosaicism and other structural X chromosome rearrangements. Among these, the most commonly observed derivative X chromosome associated with TS is the isodicentric X chromosome [idic(X)(p11)], which can occur with or without 45,X mosaicism (3 -4) .
The spontaneously occurring idic(X)(p11) chromosome is the most common constitutional isochromosome in humans and accounts for 18% of TS cases (5 -9). The estimated combined incidence of the idic(X)(p11) chromosome in mosaic and non-mosaic TS cases is 1 in 14 000 females; however, it may occur more commonly since male conceptuses that carry an idic(X)(p11) would not be viable due to Xp nullisomy. The characteristic idic(X)(p11) rearrangement results in a dicentric X chromosome with two q-arms and breakpoints in the p-arms causing monosomy for most of Xp. Previous studies have localized the breakpoints to the Xp11.2 region in most cases examined (10) (11) (12) (13) ; however, the precise intervals are unknown and probably differ between TS cases (13) (14) .
Although the idic(X)(p11) can result from intra-or interchromosomal exchange between X chromosome homologs, previous studies using X chromosome microsatellite markers indicated that the majority of idic(X)(p11) chromosomes are derived from exchanges between sister chromatids (13, 15) . In addition, idic(X)(p11) chromosomes have not been reported with a 46,X,idic(X)(p11)/46,XX mosaic karyotype, indicating they are meiotically derived, and no parent of origin bias has been observed (14) (15) (16) (17) . Mosaicism with a 46,X,idic(X)(p11)/ 45,X karyotype is present in 40% of cases (18) , suggesting that the two active centromeres of the idic(X)(p11) chromosome may be mitotically unstable, resulting in anaphase lag and breakage (19) . Moreover, previous studies using a-CENP-C and a-CENP-E staining as markers of active centromeres indicated that functionally monocentric idic(X)(p11) chromosomes segregated normally in mitosis, whereas those that were functionally dicentric had a tendency toward anaphase lag (20) .
Although the majority of idic(X)(p11) TS cases harbor proximal Xp material, the lack of specific consistent breakpoints in idic(X)(p11) cases that have been studied thus far has precluded the proposal of a common mechanism of idic(X)(p11) formation. To determine whether idic(X)(p11) chromosome formation is mediated by repetitive genomic architecture similar to the inv dup(15) (21), idic(17)(p11.2) (22) and inv dup(22) (23-24) rearrangements, high-resolution molecular mapping techniques were employed on idic(X) (p11) and unbalanced Xp11.2 translocation cell lines to identify breakpoint intervals and local sequence configuration.
RESULTS

Characterization of idic(X)(p11) and translocation Xp11 cell lines
All cell lines were characterized by karyotype and X centromere (CEPX) fluorescence in situ hybridization (FISH) analyses, and the results are summarized in Table 1 . Cell lines GM00088, GM02595, GM13019 and GM13166 were commercially listed with a monocentric isochromosome karyotype [46,X,i(Xq)], whereas GM00339, GM00735, GM03543 and GM08944 were listed as containing isodicentric chromosomes. However, all eight cell lines were determined to have dicentric isochromosomes based on CEPX FISH analyses. Representative interphase or metaphase FISH results for each cell line are illustrated in Figure 1 . Although the presence of two discrete signals on the idic(X)(p11) chromosomes are evident among interphase nuclei, a metaphase spread of GM13019 (Fig. 1H ) is shown to highlight the difficulty in identifying a dicentric chromosome when analyzing metaphases alone.
Four of the idic(X)(p11) cell lines (GM00088, GM00735, GM08944 and GM13166) had no detectable mosaicism; however, GM02595 and GM03543 displayed 4 and 36% mosaicism, respectively, with a 45,X line. The GM00339 cell line was also mosaic, whereby the majority of cells (95%) harbored two copies of the idic(X)(p11) with 47 chromosomes. GM13019 had a complex mosaic karyotype consisting of 46,X,del(Xp)[65%]/46,X,idic(X)(p11)[32%]/ 45,X[3%], suggesting that the predominant del(Xp) line may have resulted from a mitotically unstable idic(X)(p11) (19) . In the four 46,X,idic(X)(p11) lines with no detectable mosaicism, .95% of the cells displayed three CEPX signals by FISH, two signals in close proximity representing the idic(X)(p11) and one signal representing the normal X. In the mosaic cell lines, the number of cells with the three CEPX signal pattern was proportionate to the number of cells that carried the idic(X)(p11) (data not shown).
In addition to the idic(X)(p11) cases, three cell lines (GM05396, GM10204 and GM14523) with non-mosaic unbalanced autosome;Xp11.2 translocations were characterized and their results are summarized in Table 1 . The rationale for including translocations of Xp11.2 was to investigate whether the genomic architecture of Xp11.2 also renders the region susceptible to additional rearrangements, as has been demonstrated for translocation breakpoints on chromosomes 17 and 22 (25 -26) . Figure 2 . Only one cell line, GM02595, did not hybridize to any of the BAC probes, suggesting that its breakpoint was proximal to RP11-93M8, which is consistent with previous cytogenetic and molecular studies using this line (12) (13) . Among the idic(X)(p11) cases, two of the lines had breakpoints between RP11-93M8 and RP11-167P23 (GM00088, . GM08944 hybridized to all tested BAC probes, indicating its breakpoint was distal to RP11-38O23 (at 48 Mb). Among the unbalanced translocation lines, the GM14523 Xp breakpoint was also identified between RP11-93M8 and RP11-167P23, and two cases (GM05396, GM10204) shared Xp breakpoints between RP11-236P24 and RP11-204I15, similar to the idic(X)(p11) lines GM00735 and GM00339.
FISH mapping of Xp11 breakpoints
Breakpoint identification by aCGH
The identification of shared breakpoint intervals by FISH suggested that specific regions within Xp11.1-p11.22 were prone to rearrangement, and prompted the design of a custom oligonucleotide microarray for higher resolution interrogation of the breakpoints. Table 3 summarizes the aCGH analyses performed on all cell lines. Representative images using the high-resolution X chromosome oligonucleotide array for idic(X)(p11) cell lines (GM02595, GM00088, GM13019) and an unbalanced translocation line (GM05396) are illustrated in Figure 3 . Among all cell lines analyzed, several distinct breakpoints were identified that ranged from the X chromosome centromere (GM02595) to 21 Mb distal at Xp11.4 (GM08944) (hg18: 38 to 59 Mb); however, the majority clustered in a 5 Mb region within proximal Xp11.1 -p11.22. All identified breakpoint regions were consistent with their predicted intervals based on prior FISH mapping.
Interestingly, high-resolution aCGH identified an idic(X)(p11) line (GM13166) with two potential breakpoint regions previously not detected using lower resolution FISH mapping, whereas the breakpoints of the other six idic(X)(p11) lines mapped to a single region. GM13019 had two distinct breakpoints by aCGH (Fig. 3) , but was probably indicative of mosaicism for both the 46,X,idic(X)(p11) and 46,X,del(Xp) lines identified by karyotype analysis. Additionally, three breakpoint regions were identified that were shared between idic(X)(p11) lines (GM03543, GM13166), and between idic(X)(p11) and translocation lines (GM00735 and GM10204; GM0339 and GM05396, respectively). Figure 4 summarizes the breakpoint locations identified by aCGH in relation to local X chromosome gene content and structural variation. The breakpoints among all analyzed cell lines were grouped into four general intervals (BPI-1 to -4), with the majority clustering in the larger BPI-2 at Xp11.1-p11.22 (Table 3) . High-resolution analyses of each identified Xp breakpoint are illustrated in Figure 5 . The location of regional reference sequence genes, copy-number variation (CNV), inversions, segmental duplications and lowcomplexity repetitive elements (e.g. SINEs, LINEs) were based on those reported in the University of California Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/). Additionally, homologous inverted repeats were identified using the 'Inverted Repeats Finder' algorithm (http://tandem. bu.edu/irf/irf.download.html) (27) . It is important to note that the identified breakpoint regions, which ranged from 3 to 130 kb in size, corresponded to sequences without comprehensive aCGH probe coverage. This was due to the repetitive nature of these sequences, which inhibited the design and availability of specific oligonucleotide probes for all of the X chromosome regions interrogated on the custom array. Additionally, all breakpoint regions noted in Figure 5 were self-aligned (some of which included flanking adjacent sequence) to identify smaller regions of direct and/or inverted sequence homology, as illustrated by the dot matrix plots in Figure 6 .
Breakpoint sequence analysis
The breakpoint for GM02595 in BPI-1 localized in or near the X chromosome centromere, which was in agreement with the FISH breakpoint analyses. However, the interphase CEPX FISH ( Fig. 1 ) was consistent with a dicentric chromosome, indicating that both centromeres were retained. Therefore, the breakpoint in this chromosome most probably occurred distal enough from the centromere to allow resolution of the two alpha satellite arrays as indicated by CEPX FISH. Not including GM02595, the GM13019 line had the most proximal Xp breakpoint, localized to a 66 kb region adjacent to a 20 kb sequence with .90% similarity to inverted material located 330 kb telomeric. Both segmental duplications encompassed a homologous zinc finger gene (ZXDA and ZXDB) and several CNVs have been reported in between these inverted repeats. In addition, this breakpoint region harbored directly oriented homologous LINE-1 (L1) elements of 5 kb (Fig. 6A) . A second more distal breakpoint was identified in this line 1 Mb away, which also contained several direct and inverted homologous L1 elements and L1 fragments ranging in size from 1 to 6 kb (Fig. 6B) . The predominant cell line in GM13019 was 46,X,del(Xp); therefore, it is possible that the more distal breakpoint represents the isodicentric chromosome breakpoint and that the proximal breakpoint resulted from an unstable dicentric chromosome leading to a terminal deletion of all distal material.
The breakpoint for GM00088 was localized to a 27 kb region covered by several different L1 elements, which included two highly homologous 5.4 kb inverted L1PA3 elements (Fig. 6C ). The GM08944 breakpoint was localized to 4.3 kb on Xp11.4 in intron 3 of the ornithine carbamoyltransferase (OTC) gene. This region contains a high density of both L1 and L2 elements. Notably, LINEs have been implicated in human disease by insertional mutagenesis as well as in genomic rearrangements by misalignment and exchange of sequences (28) .
Several breakpoints were also identified within regions that correspond to segmental duplications. For example, the idic(X)(p11) lines GM13166 and GM03543 shared a breakpoint localized to a 27 kb region within BPI-2 that had .99% sequence similarity to an inverted repeat located 13 kb telomeric. Interestingly, GM13166 appeared to have a second smaller breakpoint region (6.4 kb) 100 kb telomeric; however, the sequence between the two potential breakpoints has variable copy-number and inversion polymorphisms (Fig. 5) , which may have been responsible for the balanced average log 2 ratios observed within the intervening region. GM00735 [idic(X)(p11)] and GM10204 [der(X)t(X;2) (p11.2;q32.1)] also shared a breakpoint within a 48 kb BPI-3 region that had .98% sequence similarity to an inverted repeat located 11 kb telomeric. The interval also corresponds to large inversion and deletion of the genome (29) (30) . Also within BPI-3, GM00339 [idic(X)(p11)] and GM05396 [45,X,dic(X,22)(p11,p12)] shared a breakpoint within a region containing numerous overlapping direct and inverted repeats (90 -99% sequence similarity; Fig. 6H ), and two inverted synovial sarcoma X (SSX2) genes. Of note, this region has been implicated in acquired translocations with chromosome 18, resulting in SS18 (SYT)-SSX gene fusions (31 -32) , which are characteristic of 90% of synovial sarcomas (33) (34) .
In addition, the autosomal breakpoints among the three unbalanced translocation cell lines were determined by wholegenome aCGH. Consistent with its 45,X,dic(X;22)(p11;p12) karyotype, chromosome 22 of GM05396 was balanced by aCGH as no specific oligonucleotide probes were present on the array to interrogate its acrocentric p-arm. The GM10204 autosomal breakpoint was within a 46 kb interval in 2q32.1 
DISCUSSION
The idic(X)(p11) is the most common structural abnormality found in TS patients (35) and can be both maternally and paternally derived (13) (14) (15) . Although initially recognized cytogenetically as monocentric chromosomes, molecular studies have since shown that the majority of these X isochromosomes include proximal Xp material and are actually dicentric (10) (11) (12) 14) . These data support a mechanism involving sister-chromatid or homologous X chromosome exchange, not centromere misdivision, as the primary pathway to idic(X)(p11) formation (13); however, the sequences mediating breakage and reunion had not previously been elucidated. To the best of our knowledge, this is the first study to interrogate idic(X)(p11) breakpoints using both FISH and high-resolution oligonucleotide aCGH, which has localized several of the breakpoints to near or within large inverted repeats and smaller low-complexity repetitive elements (e.g. LINEs) on Xp11.2. The repetitive sequence configurations at the breakpoint intervals suggest a principal mechanism involving non-allelic homologous recombination (NAHR). In addition, for breakpoint regions with smaller inverted repetitive elements and spacers, dicentric chromosome formation may be facilitated by cruciform DNA-mediated breakage and reunion; however, further study is necessary to test this hypothesis. Furthermore, given the structural variation that has been documented for the region, a recombination within an inversion loop in a paracentric inversion carrier could also result in a dicentric chromosome. Investigation of isodicentric Xp lines and unbalanced Xp;autosome translocation lines indicated that although there is some heterogeneity among them with respect to the regions of exchange, an underlying mechanism involving the unique genomic architecture of the X chromosome, particularly between proximal Xp11.2 and the centromere, may predispose the region to rearrangements. The finding that the majority of idic(X)(p11) breakpoints mapped to a single interval and were not asymmetric by aCGH indicated that the regions of exchange on both of the p-arms were in close proximity and did not occur randomly. Most of the idic(X)(p11) lines examined had breakpoint regions that included inverted repeats. Interestingly, two of these lines shared Xp breakpoint regions with unbalanced X;autosome translocation lines, suggesting that some genomic repeats may facilitate the formation of distinct chromosome rearrangements including idic(X)(p11), translocations and possibly deletions, as was the case for the mosaic line GM13019 that contained both an isodicentric X chromosome and a deletion of Xp.
In the remaining idic(X)(p11) lines, the breakpoints were localized to highly repetitive sequences. Specifically, in GM02595, the breakpoints fell within pericentromeric satellite repeat sequences of the X chromosome. For GM00088 and GM08944, the breakpoint regions were comprised of L1 and L2 elements, respectively. This finding is not surprising, considering that the X chromosome has the highest density of LINEs in the genome (36) (37) and NAHR between highly repetitive elements has previously been established as a mechanism for the generation of chromosome rearrangements (28, 38) . However, although LINEs are dense on the X chromosome, many of the identified breakpoint regions harbored larger inverted low-copy repeats, suggesting that smaller repetitive elements may be less desirable as substrates for NAHR.
As much as 5% of the human genome consists of segmental duplications (39) (40) , which includes the inverted repeat class of duplications. Interestingly, although these repeats are widespread throughout the human genome, a disproportionately high frequency of large, homologous inverted repeats are found on the X chromosome (27) . NAHR between highly homologous (.95%) repeat sequences in inverted orientation may lead to inversion or dicentric chromosome formation (41 -42) . Inverted repeats can also extrude into non-B-DNA cruciform DNA structures, whereby the paired inter-strand DNA denatures allowing the two complementary arms of the inverted repeat to anneal and form intra-strand stems. The spacer regions become unpaired loops at the end of each stem, and the four-way junction where the bases of the stems meet is analogous to a Holliday junction (43) (44) . Often marking origins of DNA replication, cruciforms can relax negative supercoiling and, therefore, are thermodynamically favorable in superhelical domains (45) .
Palindromic inverted repeats previously have been associated with chromosomal rearrangements and gene deletions (46 -48) , in addition to constitutional chromosome translocations (49) (50) (51) (52) (53) (54) and CNV formation (55) . For example, the palindromic AT-rich repeats found in the recurrent constitutional t(11,22)(q23;q11) have been shown to favor a cruciform structure in vitro (53, 56) , which is believed to facilitate double-strand DNA breaks and non-random chromosome translocation via non-homologous end joining (57) . Furthermore, Alu repeats artificially inserted in an inverted orientation in the yeast genome undergo double-strand breaks resulting in dicentric chromosomes (58) (59) , possibly due to a cruciformspecific resolution activity similar to Holliday junction resolvase. Importantly, this hypothesis recently has been directly validated in humans, whereby cruciform structures, not their associated palindromic sequences per se, were shown to promote in vivo genomic rearrangement involving the recurrent t (11, 22) (60) .
Further evidence of inverted repeat-mediated isodicentric chromosome formation comes from studies on the idic(17)(p11.2) chromosome, the most common non-random isochromosome observed in cancer. Its formation is mediated by complex DNA sequence characteristics in the 17p11.2 breakpoint region that includes large, palindromic, low-copy repeats, which render the region susceptible to somatic rearrangement (22) . Moreover, inverted repeats within this region have been implicated in 17p11.2 meiotic rearrangements, including CNVs, inversions and pathogenic deletions, in part by forming cruciform structures (55) .
Recent investigation of inverted repeats on the human X chromosome lead investigators to conclude that cruciform Figure 3 . Representative aCGH data of idic(X)(p11) and translocation cell lines. Shown are images for idic(X)(p11) cell lines: GM02595, GM00088 and GM13019; and translocation line: GM05396. Identified breakpoints are indicated with black arrows. The breakpoint for GM02595 occurred within the pericentromeric region, and GM00088 and GM013019 had one and two distinct breakpoints, respectively. Green, black and red dots represent oligonucleotide aCGH probes with log 2 ratios less than 20.25, in between 20.25 and 0.25 and .0.25, respectively.
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structures probably play a significant role in chromatin architecture and function and possibly drive X chromosome structural rearrangements (61) . Notably, an inverted repeat breakpoint identified in our study that was shared by both an idic(X)(p11) (GM00339) and a translocation (GM05396) cell line was localized to 130 kb within the repetitive Xp11.22 SSX region that is often involved in the synovial sarcoma X;18 translocations, suggesting that these repeats are involved in both translocation and/or isochromosome formation possibly mediated by unstable cruciform structures. This breakpoint region was composed of two highly homologous inverted repeats with only a 220 bp central spacer, whereas the other spacers identified among the large idic(X)(p11) inverted repeats ranged from 11 to 313 kb. Although it is unclear at this time how the size of the central spacers influence the secondary structure of the repetitive breakpoint regions, it is likely that those repeats with smaller spacers (including the breakpoints near inverted LINE sequences) would be more prone to form cruciforms in vivo than those with larger spacers.
In conclusion, this study of breakpoint regions in idic(X)(p11) cases provides mechanistic insight into isodicentric X formation in TS. In particular, the clustering of breakpoints within Xp11.1-p11.22 at inverted repeat sequences associated with low-copy repeats or highly repetitive elements indicates that the region is susceptible to rearrangements that lead to dicentric chromosomes and probably other classes of rearrangement. In support of this finding, sequences with inverted homologies very recently have been identified at breakpoint intervals of autosomal and X chromosome acentric inv dup marker chromosomes (62) and the breakpoint intervals of acquired idic(X)(q13) chromosomes in hematological malignancies (63) . For idic(X)(p11) chromosome formation, we propose a model where NAHR between inverted repeat sequences of high or low complexity leads to isodicentric X formation, which may be the case for inverted repeats with larger central spacers. Additionally, the smaller palindromic repeat sequences on Xp11 may alter the structure of the DNA and favor cruciform conformation in vivo, predisposing to aberrant chromosome breakage and reunion. The breakpoint regions in all cases studied have been greatly narrowed and are defined by intervals lacking probe sequences due to their repetitive nature. Moreover, the majority of the breakpoints also correspond to regions of copynumber and inversion polymorphism among individuals. Therefore, future studies may rely on a DNA capture and paired-end sequencing strategy (64) and should include an analysis of the parental chromosomes in order to appropriately interpret the breakpoint data. Additionally, the presence of CNV and/or inversion polymorphisms at the majority of breakpoints suggests the possibility that parental alleles with a particular configuration may predispose to X chromosome rearrangement, including isochromosome formation.
MATERIALS AND METHODS
Specimens
Fibroblast (GM00088, GM00339, GM00735, GM02595, GM05396, GM08944, GM14523) and lymphoblastoid (GM03543, GM10204, GM13019, GM13166) cell lines with a reported i(Xq), idic(X)(p11) or Xp11 translocation were acquired from the Coriell Institute for Medical Research (Camden, NJ, USA). The karyotypes and level of mosaicism of all commercial cell lines were confirmed in the Mount Sinai School of Medicine Cytogenetics and Cytogenomics laboratory, using standard cytogenetic procedures and GTG chromosome banding. Between 20 and 50 metaphase spreads were counted from each case and karyotypes were obtained using the Cytovision karyotyping package (Applied Imaging, Grand Rapids, MI, USA). For aCGH analyses, genomic DNA was isolated using the Puregenew DNA Purification kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions.
FISH analyses
To confirm the number of X centromeres in each reported i(Xq) and idic(X)(p11) Coriell cell line, FISH using the CEPX probe (Abbott Molecular, Des Plaines, IL, USA) that hybridizes specifically to the alpha-satellite sequences of the X chromosome was performed on over 100 interphase nuclei from each cell line. Human Molecular Genetics, 2010, Vol. 19, No. 17 3389 Figure 5 . Illustration of derivative X chromosome breakpoint intervals and local genomic architecture. The location of known human genes from the NCBI reference sequence collection (RefSeq) are illustrated in blue; CNV and inversions from the DGV are illustrated in orange and red, respectively; segmental duplications are noted and color is used to distinguish level of similarity (gray: 90-98% similarity; yellow: 98-99% similarity; orange: .99% similarity. Paired inverted repeats associated with breakpoints that were identified by the Inverted Repeat Finder algorithm (27) are highlighted with green boxes. Oligonucleotide probes used for aCGH are black and inter-probe breakpoint regions are noted in red. In addition, some regions display low complexity repeats identified by RepeatMasker (http://www.repeatmasker.org/). These include short interspersed elements (SINEs), long interspersed nuclear elements (LINEs) and long terminal repeat elements (LTRs) and the lighter shading indicates increased base mismatch, deletion and insertion associated with a repeat element. Breakpoint regions are labeled 'A' through 'I' in accord with the panels in Figure 6 . To examine breakpoint regions, FISH was performed with BACs spanning from Xp11.23 to Xp11.21 and covering 9 Mb of proximal Xp. All of the BACs chosen for FISH analysis were from the RPCI-11 male BAC library and were obtained as agar stabs from BACPAC resources (http://bacpac.chori.org/). DNAs were isolated from 200 ml of culture using the NucleoBond Plasmid kit (BD Biosciences, San Jose, CA, USA) and were directly labeled using a nick translation kit (Abbott Molecular). Dual-color FISH was performed in most cases with one BAC labeled with Spectrum Green and the other with Spectrum Orange (Abbott Molecular). For the idic(X)(p11) cases, 50 -100 interphase nuclei were scored for the presence or absence of two signals per probe. Metaphases were also counted; however, only the presence or absence of signals was scored. For the unbalanced translocation cases, 50-100 interphase nuclei were scored and metaphase spreads were examined for the presence or absence of signals on the der(X) chromosome.
All FISH analyses were performed using an ImagePoint cooled CCD video camera (Photometrics, Tucson, AZ, USA) with a Labophot-2A fluorescence microscope (Nikon, Melville, NY, USA). Digital image analyses were performed using a Cytovision Probe system and FISH software (Applied Imaging), and all preparations were counterstained with DAPI (Vector Labs, Burlingame, CA, USA).
Array-based comparative genomic hybridization (aCGH)
To establish the idic(X)(p11) breakpoint region of GM08944, aCGH was initially performed using a human 385K whole-genome oligonucleotide tiling array (NimbleGen Systems, Inc., Madison, WI, USA) as per the manufacturer's instructions. Five hundred nanograms of genomic DNA was co-hybridized with female control DNA (Promega, Madison, WI, USA) and the results were analyzed using SignalMap software v1.9 (NimbleGen Systems, Inc.).
To further refine the X chromosome breakpoint regions for all cell lines, a 4 × 44K custom oligonucleotide microarray was designed using eArray (https://earray.chem.agilent.com/ earray/; Agilent Technologies, Santa Clara, CA, USA) that included unique high-density catalog probes corresponding to the March 2006 human genome assembly, NCBI Build 36 (hg18). Specifically, the following X chromosome nucleotide intervals were interrogated: 37 801 796 -38 399 894 (5063 probes); 52 000 458 -58 560 819 (17 947 probes); 61 698 326-64 999 983 (9142 probes). In addition, a wholegenome backbone of 3000 interspersed probes was included on the array with 300 whole-genome probes replicated five times as a feature extraction quality control measure.
All aCGH experiments were performed according to the manufacturer's instructions and as previously described (65) . In brief, 750 ng of experimental and female reference DNAs (Promega) were digested with AluI and RsaI restriction endonucleases (Promega) and fluorescently labeled with Cyanine 5-dCTP (Cy-5; experimental) and Cyanine 3-dCTP (Cy-3; reference) using the Genomic DNA Labeling kit (Agilent Technologies). Labeled experimental and reference DNAs were purified, combined, denatured, pre-annealed with Cot-1 DNA (Invitrogen, Carlsbad, CA, USA) and blocking reagent (Agilent Technologies), and hybridized to arrays in a rotating oven (20 rpm) at 658C for 24 h. After hybridization and recommended washes, the arrays were scanned at 5 mm resolution with a G2505B Agilent Microarray Scanner. Images were processed with Feature Extraction 9.5.1 software and the data analyzed with Genomic Workbench 5.0 software (both from Agilent Technologies). All array data passed the recommended quality control metrics. In addition, to clarify the breakpoints of selected idic(X)(p11) cell lines and to determine the autosome breakpoints among the translocation lines, commercial whole-genome 244K oligonucleotide arrays (Agilent Technologies) were also utilized and aCGH performed as described above. Breakpoints were defined as inter-probe regions with surrounding average log 2 ratios that indicated a change in copy number from one to two, and/or three copies.
